Abstract-Electromagnetic radiation at a production printed circuit board (PCB) midplane connector is studied in this paper. A highly detailed simulation model is constructed and corroborated by comparing measured and simulated results, for both mixedmode S-parameters and total radiated power, which is measured in a reverberation chamber and over-the-air anechoic chamber. The radiation loss in the production connector is a small fraction of the total loss. Common-mode antenna current is used to understand the radiation physics.
I. INTRODUCTION

C
ONNECTORS are commonly used for transmitting signals between multiple PCBs in a complex high-speed system. Electromagnetic radiation that results from the interface between high-speed high-density PCB connectors is a concern for industry. The boards and connectors can function as unintentional radiators beginning at several hundred megahertz, and potentially give rise to electromagnetic interference (EMI) problems [1] - [4] . The radiation at the connectors may illuminate enclosures, leak out of apertures, and couple to cables. Connectors can be a contributing factor of radiated emissions for systems into the gigahertz range. Currently, most connector design requirements are dominated by signal integrity (SI) and developing designs that are more favorable for EMI, while meeting SI requirements remains a significant challenge.
The radiation from PCB connectors has been the subject of previous studies. In [5] , the radiation mechanism of board-interconnecting structures is studied based on an antenna transfer function for the global interconnecting structure and a partial-inductance equivalent circuit for the connector. Differential signaling is often used in high-speed system designs for its relative immunity to noise and crosstalk. However, as the differential-mode (DM) signal is transmitted through the highspeed connector, common-mode (CM) antenna currents can be generated by timing skew, amplitude imbalance, or signal trace length mismatches, or other geometry asymmetries and discontinuities. Though the CM antenna currents are much smaller than transmission-line DM currents, the CM antenna currents can cause significant EMI issues in high-speed systems [6] . The radiation from PCB connectors which transmit a DM signal is investigated in [7] - [9] . Electromagnetic emissions from the board-to-board interconnection structure with a connector were characterized by a CM antenna model in [10] and [11] , and a network model with coupled partial inductances to represent the board connector [12] . Network parameters and a simplified model of a PCB connector were used in [13] to analyze the radiation effects from a connector.
The radiation resulting from connectors has been demonstrated experimentally and numerically. In [14] , the radiated EMI was directly measured in a transverse electromagnetic (TEM) cell and anechoic chamber to show the effectiveness of different ground pin shielding patterns. The radiation from electrical connectors in optical assemblies was measured in a reverberation chamber in [15] . The fringe current radiation and noise due to the existence of a U-shape I/O port on a PCB used for connection with RJ-45 connectors are investigated through numerical simulation and measurement in [16] . Different methods for characterization of the shielding performance of board-to-backplane and backplane-to-cable connectors used in telecommunication and computer systems are compared in [17] . CM current [18] , [19] and near-field measurements were taken in [20] for an inter-PCB connector that showed good agreement with finite-difference time-domain (FDTD) models. FDTD models were also used to investigate EMI resulting from stacked card PCB and modules-on-backplane configurations [21] - [23] . More recently, several studies [24] , [25] have contributed on a practical PCB connector, which is the prototype of the simplified connector discussed in [8] and [13] . The objective of this paper is to understand the radiation physics and quantify radiated power of a typical production PCB connector for differential signals with edge-coupled pairs through modeling and measurements. The total power loss of the production PCB connector is dominated by dielectric loss. The network parameter calculation in [13] is used to obtain total power loss, and then, radiated power, which is a small fraction, is determined by subtracting the dielectric loss.
The connector geometry for simulation and model corroboration with mixed-mode S-parameters and time domain reflectometer (TDR) measurements are detailed in Section II. The total radiated power (TRP) measurement in a reverberation chamber and over-the-air (OTA) chamber is presented in Section III. Calculation of the total loss and radiated power for the connector structure is provided in Section IV. The radiation physics are discussed in Section V from the CM antenna currents calculated using a circulation integral.
II. PCB CONNECTOR STRUCTURE AND MODELING
A. PCB Connector Structure
The connector studied in this paper is shown in Fig. 1(a) . This high-speed high-density connector is composed of multiple identical wafers that are stacked next to one another. Each wafer consists of two different slices, denoted as Slice A and Slice B, which are placed in an alternating pattern to facilitate proper referencing for the differential pairs in the connector. One half of Slice A is shown in Fig. 1(b) .
X-ray pictures of both slices are shown in Fig. 2 . The connector is designed for differential signaling and the differential impedance of the signal pairs is 100 Ω. Four differential pairs are contained in each connector slice. The narrow width conductors are signals and the wide conductors are ground references. Fig. 3 . Full-wave simulation model of a three-wafer connector. The wafer locking metal sheets, the guide pin, and the dielectric block surrounding the guide pin were included in the model to achieve agreement with measurements.
In general, most of the differential pairs in each wafer have three neighboring ground blades, two adjacent grounds from the same slice, and one broadside from a neighboring slice. The individual ground conductors are not connected to one another within the connector. In each slice, there exists an "orphaned" differential pair where only one ground blade is adjacent to the differential pair periphery. Orphaned pairs are either the shortest or the longest pair in a connector slice.
Developing a sufficiently detailed simulation model is essential to understand and quantify the radiation physics. Many intricate details in the connector slice design must be considered to achieve necessary signal integrity requirements, as well as to accurately model the radiation physics for this connector. Some of these details, which are often designed due to mechanical and electrical design constraints, are shown in Fig. 1 (b) and include: conductor bends, plastic dielectric sections, and holes in the dielectric and conductors. A connecting PCB was also considered in the electromagnetic radiation modeling with this connector, since the connector is designed to press-fit into a PCB via pin field with signal pairs fed from a PCB.
A full-wave simulation connector model, given in Fig. 3 , was partially built in the CST Microwave Studio, based on the X-ray photographs shown in Fig. 2 . A set of conductor dimensions were first obtained by assigning coordinates along the outline of each conductor in the digital image. X-ray images of scale references were then used to scale the conductor dimensions. Conductor and dielectric thicknesses were measured with a caliper. The conductor separation between each wafer comprised of a Slice A and a Slice B is 130 mils, and the conductor separation between each slice is 9 mils. The plastic dielectric properties were assigned based on manufacturer information and an independent 7-mm airline measurement. The relative permittivity and the loss tangent of the material were ε r = 3.1 and tan δ = 0.02, respectively. Many intricate details can influence the radiated power from a connector, and the wafer locking metal sheets, the guide pin, and the dielectric block surrounding the guide pin were included in the model, as shown in Fig. 3 .
Two four-layer PCBs of dimension 675 mils × 465 mils were also modeled with the connector as shown in Fig. 3 . The total PCB thickness was 61.35 mils (standard 62-mil PCB). The PCB dielectrics had a relative permittivity ε r = 4.3 and a loss tangent tan δ = 0.025. The vias in the via pin field were modeled as solid conductors. All conductors in the model were assigned to be perfect electric conductors. Two 200-mil edgecoupled 100-Ω differential stripline traces located in the second layer of each PCB were defined to connect to the third (from shortest to longest) differential pair in Slice A of the middle wafer. The trace widths were designed to have a single-ended 50-Ω characteristic impedance. Discrete face ports, which are modeled by a lumped element consisting of a current source in parallel with a source impedance, were defined at the end of the stripline traces and the source impedances were set to 50 Ω. Unused signal lines were terminated in a single-ended manner with 50-Ω lumped elements at the signal vias and the return planes on the bottom of the PCBs. The PCB/connector structure was modeled in air with PML absorbing boundary conditions. The computational domain consisted of 15 million mesh cells. Time-domain simulations were performed, and the S-parameters of the PCB/connector geometry were extracted in CST Microwave Studio from the time-domain signals.
B. Modeling and Measurement Corroboration
A set of test boards with dimensions 4000 mils × 4000 mils were fabricated for the PCB connectors. In the PCB configuration, 2000-mil striplines were included in the PCB design that connected to five differential pairs in the three wafer connector. TRL calibration patterns were also included in the design to facilitate the calculation of the S-parameters. The TRL calibration plane was designed to be 200 mils from the connecting via barrels to achieve a TEM field necessary for a port definition, and to maintain consistency with the model in Fig. 3 . Single-ended S-parameters for the third differential pair (counting from the bottom), in Slice A of the middle wafer, were first measured with all other signal lines terminated in 50 Ω. The mixed-mode S-parameters from the simulations and measurements after TRL calibration for the DM transmission and reflection are shown in Fig. 4(a) and (b) , respectively. It should be mentioned that the discrepancy at the low-frequency end between measurement and simulation is caused in part by the inaccuracy of dielectric parameters, which are set as constant over frequency in the simulation.
Single-ended S-parameters for the shortest and longest orphaned pairs in the external wafers were also simulated and measured. Differential TDR responses were generated with a 30-ps rise time step signal based on the S-parameters from the measurements and simulations, and, compared to further corroborate the simulation model. The calculated differential TDR response for the shortest pair and longest orphaned pairs in the external wafers are shown in Fig. 5(a) and (b) , respectively.
The critical impedance mismatch (region 1 and 3), due to the via transition in the PCB, is apparent before and after the electrical length of the PCB connector (region 2) in Fig. 5(a) and (b). The impedance mismatch can be reduced by suitable design at the transition, e.g., minimizing the via stubs, and engineering the transition. The TDR plots also illustrate the practical challenges in engineering and implementing designs using highdata rate connectors that are mechanically robust, yet minimize reflections at all geometry changes that are inherent in practice.
III. TRP MEASUREMENT
A reverberation chamber was used for quantifying the TRP for the presented PCB connector. The chamber quality factor Q is a constant at a given frequency, so the ratio of composite averages of the measured transmitted P T and received P R power is a constant at a given frequency, as [26] - [30] 
where V is the chamber volume and λ is the wavelength of the transmitted signal. The measurement procedure consists of two steps. First, a transmitting antenna and a receiving antenna are used for the calibration of the chamber, as shown in Fig. 6(a) . The composite averages of the measured transmitted power and received power are represented as P 
If the antennas are reasonably well matched, the TRP can be obtained as An OTA anechoic chamber was also used to measure TRP for the PCB connector presented here. As shown in Fig. 7 , the test board was fixed on the positioner in the chamber. The test board was turned with discretized angles in the horizontal plane and the vertical plane during the measurement. The integration of the received power was calculated to give the TRP as
where P RX is the received power at port 2 of the vector network analyzer, and P P L is the path loss of the OTA chamber, which was calibrated before the measurement. The third differential pair of the middle wafer in the connector was fed with a common mode excitation by a power splitter, which was connected to the port 1 of the vector network analyzer for the reverberation chamber and OTA chamber TRP measurements. In order to measure the TRP of only the connector, the radiation from the PCBs must be eliminated through shielding. As shown in Figs. 6(b) and 7(b), the PCBs are covered with copper tape. The connector was mounted on the reverberation chamber wall and fed from the back side of the wall in Fig. 6(b) . The third differential pair of the middle wafer was fed with a CM signal excitation, where a root mean square (RMS) power of 0.5 W was injected at both discrete face ports in the simulation model.
After compensating for the loss of the power splitter in the measured data, the excitation at each port of the exciting pair was normalized to 0.5 W, to compare the measured TRP with the field-based calculation in CST. The comparison between measurements and simulated TRP is shown in Fig. 8 . 
IV. S-PARAMETER-BASED POWER LOSS CALCULATION
Radiated power from a simplified PCB/connector interface is calculated using network parameters as shown in [13] , using conservation of power. In [13] , there is no dielectric loss or conductor loss for the simplified PCB/connector interface, so all the power loss calculated with the network parameters is due to electromagnetic radiation. However, for a practical connector, which is studied in this paper, the dielectric loss is dominant. The network parameter formulation in [13] can be used to find the total power loss P loss,total as
where [ā] is an incident power wave vector with units of √ watt, and is based on generalized scattering parameters [31] , t denotes the complex conjugate transpose, [Ĩ] is the identity matrix, and [S] is the single-ended S-parameter matrix at ports where voltages and currents are well defined, consistent with TEM wave propagation. Then, using power conservation, the total power loss is a summation of radiation and material loss. The radiated power P rad,total is P rad,total = P loss,total − P mat,total
where the total material loss P mat,total , can be extracted from a full-wave simulation, and the fields in the material are used to calculate the power loss in the material. The third differential pair in slice A of the middle wafer was excited with a CM signal excitation, where both ports in the pair were fed with a peak value of one √ watt. All other ports in the model were terminated with matched loads, thereby setting the amplitude of all other incident power waves to zero. Power loss monitors were defined in CST Microwave Studio over the frequency range of 1-10 GHz, at intervals of 0.5 GHz. Material losses were calculated as a postprocessing step in the simulation tool. All conductors were modeled as perfect electric conductors, while keeping the losses defined for dielectrics in the PCB and the connector model. A plot comparing the total power loss defined in (6), the total material loss, and the TRP from the fields calculation is shown in Fig. 9 .
The total power loss is dominated by the material losses in the PCB/connector model as shown in Fig. 9 . The gray dotted line (with vertical axis on the right-hand side) shows the TRP is approximately 5-10% of the total power loss over most of Fig. 10 . Comparison between the fields-based radiated power calculation and the network parameter based radiated power calculation using (7) . The simulation used models where ports were defined for all signal lines and also for only the nearest-neighbor signal lines.
the simulated frequency range. The total power loss is a small fraction of the total forward power.
The radiated power was also calculated using (7) and compared to the field based calculation. In using (7), the total power loss calculation relies on an adequate number of defined ports to capture the significant coupling among nearest neighboring pairs. A plot comparing these calculation methods is given in Fig. 10 . The red solid line is the radiated power extracted from a field-based calculation in CST which serves as the reference; the blue dashed-dotted line is the radiated power calculated using (7) with all 96 ports in the geometry defined; and the black dashed line is the radiated power calculated using (7) with the nearest-neighbor ports defined. Over most of the frequency range, if the total power loss is calculated with S-parameters with all the ports defined, the two radiated power calculations agree within fractions of a dB to a few dB. However, using the S-parameters calculated with only the nearest-neighbor ports defined, the calculated radiated power still captures most of the radiation peaks, but with a 3-5 dB higher amplitude than the field-based calculation from CST. When the nearest-neighbor ports were defined, all other signal pins were terminated with single-ended matched loads. The losses in the loads where ports are not defined are also included in the total power loss calculated with the S-parameters in this case. Consequently, the prediction of radiated power loss that is based on S-parameters of only the nearest-neighbor ports and material loss may substantially overestimate the radiated power loss. Capturing the scattering from signal pairs that include those adjacent to the nearest neighbors is also necessary for an accurate total and radiated power loss calculation.
V. RADIATION PHYSICS IN CONNECTOR MODEL
In order to understand the radiation physics for the high-speed PCB connector, magnetic field circulation integrals were used to quantify the CM antenna current, which can result in significant EMI, as presented in [13] to analyze a simplified PCB connector. The third differential pair (from the bottom), in slice A of the middle wafer was fed with a CM excitation (0.5 W, 0.5 W). Twenty-one magnetic field circulation integrals were placed to encircle the nine conductors in the middle wafer of the model in The radiation peaks can be approximately predicted from the edge length of the ground blades. The edge lengths of the ground blade in slice B were selected to estimate the resonant frequencies. For the outer edge, the total length is 1976 mil: 870 mil embedded in dielectric and 1106 mil in air. For the inner edge, the total length is 1750 mil: 870 mil embedded in dielectric and 880 mil in air. An approximate effective permittivity of the total edge length can be expressed as
where l is the total length, and l i and ε i represent the edge length along the dielectric/air and permittivity of dielectric/air, respectively. The predicted resonant frequencies which are estimated by the edge length of the ground blade are compared with the simulated resonant peak frequencies from Fig. 8 in Table I . The CM antenna currents were calculated at several of the radiation peak frequencies in Fig. 8 . The CM antenna currents calculated from the above described circulation integrals at 2.12, 3.8, 6.58, and 8.24 GHz, are shown in Fig. 12 . The CM antenna currents form approximately a λ/2 distribution along the connector curve at 2.12 GHz and nearly a λ distribution at 3.8 GHz. The CM antenna currents at 6.58 and 8.24 GHz show higher order resonances. The connector behaves similar to a wire antenna at the radiation peak frequencies, with the CM antenna currents as the source of radiation from the connector. The ratio of the maximum to the minimum of the magnitude of CM antenna currents (standing-wave-ratio) decreases as the operating frequency exceeds 10 GHz. Further, the phase of the CM antenna currents becomes increasingly linear along the connector length as shown in Fig. 13 , in which the CM antenna currents are calculated at 13.45 GHz. The current distribution at high frequencies is trending toward a traveling wave functional variation. Although the magnitude of the CM antenna currents decreases, this unintentional radiation is increasing at high frequency as shown in the measured and simulated results in Fig. 8 .
VI. CONCLUSION
A model for the production PCB connector was developed in a full-wave EM modeling tool, and the developed PCB and connector models were corroborated with simulated and measured S-parameters, as well as for radiation in a reverberation chamber and OTA anechoic chamber. For these PCB connectors, the material loss, though a fraction of the total forward power, dominates the total power loss. When the material loss is known, the radiated power can be calculated using network parameters. The accuracy of this calculation relies on adequately capturing the scattering and significant coupling among nearest neighboring pairs. CM antenna currents show half wavelength and higher order resonances along the connector length at radiation peaks.
